Introduction
Insulinomas are functional neuroendocrine tumors. They are principally comprised of insulin-producing beta cells. The symptoms associated with insulinomas are attributable to the effects of inappropriate insulin production. Numerous reports of canine insulinomas exist with a wealth of data on the disease in this species. [1] [2] [3] [4] Conversely, these tumors are very rare in cats, with only six well-documented cases in the literature. [5] [6] [7] [8] [9] [10] In dogs, there is no sex predilection, medium-to-large breeds are overrepresented, and the age of diagnosis ranges from 5 to 12 years of age, with a mean age of 9 years. [1] [2] [3] [4] 11 The six cats showed no sex predilection and there was an overrepresentation of the Siamese breed. [5] [6] [7] [8] [9] [10] In addition, the age range of 12-17 years, with a mean age at diagnosis of 14 years, is significantly older than that reported for dogs. [5] [6] [7] [8] [9] [10] Clinical signs in both cats and dogs are the result of direct effects of hypoglycemia, including weakness, seizures and visual problems, as well as effects from secondary catecholamine release, such as tremors and anxiety. [1] [2] [3] [5] [6] [7] [8] [9] [10] [11] Many diagnostic criteria, such as insulin: glucose ratios, glucagon tolerance tests and fructosamine levels have been evaluated for accuracy in diagnosing insulinomas in dogs. However, none of these is sensitive or specific enough to be diagnostic. [1] [2] [3] Paired blood glucose and insulin levels showing hypoglycemia with a normal-to-elevated insulin level are considered the most accurate criteria for preliminary diagnosis in dogs. 2, 4, 11, 12 Standard diagnostic criteria are not established for cats. Radiographic imaging is not rewarding, but pancreatic ultrasound is often successful at revealing masses. 1, 11, 13 Definitive diagnosis of insulinomas requires histopathology with appropriate immunohistochemistry. Initial emergent treatment involves treatment for the hypoglycemia and associated neurologic symptoms. 14 Once stabilized medical treatment with steroids and a number of other medications is often attempted in dogs. 2, [14] [15] [16] However, surgery is considered the most effective treatment and offers the only chance for remission. Multiple retrospective studies show that about 30% of dogs are alive 14 months after surgery. 2, 4, 11 Many of these survivors have post operative recurrence of symptoms and are managed successfully with medical treatments for an extended period of time. 2, 11 All six cats underwent surgery, with 2/6 cats remaining in remission for more than 14 months. [8] [9] [10] 
Case description
A 9-year-old male neutered Maine Coon cat was presented on day 1 due to a 20 min episode of twitching and weakness 24 h before the visit. The owner had also noted polyphagia during the prior 6 months. On presentation, the cat was bright and alert with no abnormalities on physical examination. A comprehensive blood count (Procyte DX; IDEXX) and urinalysis (Vetlab UA; IDEXX) revealed no abnormalities. However, a blood chemistry profile (Catalyst DX; IDEXX) showed marked hypoglycemia at 21 mg/dl (reference interval [RI] 71-159 mg/dl) and mild hypokalemia at 3.1 mmol/l (RI 3.5-5.8 mmol/l). The cat was immediately given a highly palatable canned feline diet (a/d; Hills Science Diets), which it ate voraciously. Further discussion with the owner did not reveal any exposure to insulin, oral hypoglycemics or other substances that could contribute to severe hypoglycemia.
The cat was hospitalized for stabilization and further diagnostics. Radiographs of the thorax and abdomen (Y-325; Bennett) revealed no abnormalities, and a fast ultrasound scan of the abdomen (DUS 60; Edan) revealed no evidence of free fluid. Blood drawn at admission was sent to a diagnostic laboratory (IDEXX) for a paired insulin and glucose level.
Over the next 48 h the patient was managed for hypoglycemia with 0.4 mg/kg prednisolone (Prednistab; Lloyd) orally every 12 h and ad libitum feeding of the highly palatable diet. On day 1 intravenous (IV) 5% dextrose in water (Hospira) was given at a rate of 4 ml/kg/h whenever the blood glucose level dropped below 80 mg/dl (RI 71-159 mg/dl). It was discontinued whenever the blood glucose was greater than 180 mg/dl (RI 71-159 mg/dl). IV lactated ringers (Hospira) with 20 mEq potassium chloride (Hospira) was given at a rate of 4 ml/ kg/h when the blood glucose was between 80 and 180 mg/dl (RI 71-159 mg/dl). Owing to its feisty attitude, the cat was also given 0.1 mg/kg butorphanol (Dolurex; Merck) IV on day 1. As shown in Figure 1 , the blood sugar readings ranged from 30 mg/dl to 192 mg/ dl (RI 71-159 mg/dl) on day 1. The IV fluids were discontinued on day 2 to determine if prednisolone and frequent feedings would maintain its blood sugar at an acceptable level. During most of day 2 the blood sugar remained fairly steady, with a range of 60-95 mg/dl (RI 71-159 mg/dl). One low blood glucose reading of 43 mg/dl (RI 71-159 mg/dl) occurred just prior to the cat's morning dose of prednisolone. The potassium level normalized on day 2 at 4.0 mmol/l (RI 3.5-5.8 mmol/l). During the entire hospitalization the patient exhibited no clinical signs of hypoglycemia and ate well. Therefore, it was elected to send the patient home on 0.4 mg/kg prednisolone every 12 h with frequent feedings.
On day 6, the cat returned for a comprehensive abdominal ultrasound (M9; Mindray). The owner reported that the cat was doing well with no further episodes of weakness. It was normal on physical examination and its blood glucose level at admission was 65 mg/dl (RI 71-159 mg/dl). The ultrasound revealed one 12 × 15 mm, well-vascularized and rounded hypoechoic structure in the left limb of the pancreas, as shown in Figure 2 . The rest of the pancreas appeared heterogeneous and isoechoic to surrounding structures. The ultrasound also revealed mild multifocal gastrointestinal thickening in the duodenum with intact layering. Based on these findings, the owner elected to continue medical treatment pending results of the paired insulin glucose test.
On day 9, the paired glucose insulin test results were received and showed a severe hypoglycemia of 19 mg/dl (RI 71-159 mg/dl) with a normal insulin level of 15.6 units of insulin per milliliter (uIU/ml) (RI 10-81.3 uIU/ml). These results were relayed to the owner and the owner elected to continue medical treatment at that time as the patient was doing well. On day 17, the patient was dropped off for a glucose curve. The patient remained bright, alert and appetent during the visit. However, hourly glucose readings over the first 6 h of the visit remained very low, ranging from 35 to 43 mg/dl (RI 71-159 mg/dl). At that point a conversation with the owner revealed that multiple problems were occurring with the current treatment. The patient was often difficult to medicate, and other pets in the house were often eating the cat's food. Strategies were discussed to help with these problems and the glucose curve was discontinued. The owner was also given a glucometer to monitor the cat's glucose levels at home.
Over the next 2 weeks the owner was unsuccessful at obtaining blood glucose readings from this temperamental patient and continued to struggle with the medication. At this point the owner agreed to a second ultrasound to reassess the staging and to obtain a fine-needle aspirate (FNA) of the pancreatic mass. In preparation for an ultrasound-guided aspirate of the pancreatic mass, a coagulation panel was done on day 33. This panel showed a normal platelet count (PC) of 118,000 K/µl (RI 155-641 K/µl), a normal prothrombin time (PT) of 9.9 s (RI 7.0-12.7 s) and normal partial thromoplastin time (PTT) of 27.3 s (RI 10.0-28.0 s). On day 34, the cat was admitted for a second ultrasound and sedated with 0.1 mg/kg butorphanol IV. The pancreatic mass appeared larger, measuring 12.1 × 19.9 mm (previous measurement on day 7 was 12.2 × 15.5 mm). The patient was then given 3.3 mg/kg tiletamine hydrochloride and zolazepam (Telazol; Dechra) IV. Ultrasound-guided FNA of the pancreatic mass was obtained with a 1.5 inch 22 G hypodermic needle (Monoject; Covidien) on a 6 ml luer lock syringe (Monoject; Covidien). The slides were prepared with a squash preparation method and sent to a diagnostic laboratory (Texas Veterinary Pathology, TX, USA) for cytological evaluation. Following the procedure the cat was kept in the hospital for 24 h and monitored closely for signs related to hypoglycemia. During that time, its blood glucose ranged from 60 to 110 mg/dl (RI 71-159 mg/dl) and was clinically normal. The prednisolone and frequent feedings were continued while awaiting the results.
On day 69, results of the FNA were received. As shown in Figure 3 , the slide contained clusters of epithelial cells with basophilic cytoplasm and naked nuclei. These findings are consistent with the type of glandular epithelial cells found in neuroendocrine tumors. The owner agreed to surgical excision of the mass.
On day 85, the patient was admitted for preoperative examination and diagnostic tests. The cat was normal on physical examination. A comprehensive blood count revealed a mild lymphopenia of 0.759 K/µl (RI 0.85-5.85 K/µl) and a mildly elevated albumin of 4.0 g/dl (RI 2.6-3.9 g/dl). The lymphopenia was most likely a response to stress and the mild hypoalbuminemia was considered to be an insignificant variant. Coagulation testing, including a PC, PT and PTT, were, again, within normal limits. A feline-specific lipase level was also carried out to provide a baseline in case postoperative pancreatitis was suspected. This lipase level was normal at 2.3 µg/l (RI 0-3.5 µg/l). Blood glucose readings every 2 h ranged from 67 to 114 mg/dl (RI 71-159 mg/dl) and the patient was appetent and clinically normal throughout the day. It was given an evening meal and 0.4 mg/kg prednisolone.
Early on day 86 a blood sugar reading of 107 mg/dl (RI 71-159 mg/dl) was obtained and the patient was given a small meal. A dose of 14 mg/kg gabapentin (Time Cap Labs) was added to the meal as a sedative. One hour later the cat was given 1 mg/kg maropitant (Cerenia; Zoetis) subcutaneously as an antiemetic and to provide intraoperative and postoperative analgesia. One hour after that the patient was sedated with an intramuscular injection of 0.02 mg/kg hydromorphone (Hospira). Its blood sugar at the time of sedation was 71 mg/dl (RI 71-159 mg/dl). It was then given a combination of 0.2 mg/kg midazolam (Hospira) and 2.0 mg/kg ketamine (Ketaved, Vedco) IV. This was followed by 2.0 mg/kg alfaxalone (Alfaxan Multidose; Jurox) IV. It was intubated and isofluorane (Isothesia; Vet US) was used to maintain a surgical plane of anesthesia. Cefazolin (Pfizer) at 22 mg/kg was also given IV before the surgical procedure. The patient was started on 9 ml/kg/h lactated ringers (Hospira) with plans to change to a dextrose solution if needed.
A midline incision from 3 cm caudal to the xiphoid process to the umbilicus was made with a laser scalpel (Aesculight 30 W, CO 2 laser). Examination of the abdominal organs revealed no abnormalities aside from a solitary mass in the left limb of the pancreas, as shown in Figure 4 . The fascia was opened with metzenbaum scissors and two mosquito forceps were clamped in a V shape around the mass to decrease hemorrhage. After 2 mins they were removed and the mass was excised with metzenbaum scissors. Minimal hemorrhaging at the site was controlled with one ligature of 3.0 poliglecaprone (Monocryl; Ethicon). The excised mass, shown in Figure 5 , measured 1.8 cm in diameter. The abdomen and skin were closed in a routine manner and the patient recovered uneventfully from anesthesia. Blood sugar readings were done every 20 mins during surgery and hourly for 10 h after the surgery, as shown in Figure 6 . The patient was hospitalized overnight and frequent blood sugar readings continued. The cat's blood sugar levels were mildly elevated in the first few hours after surgery and then remained in the normal range for 24 h after surgery. At discharge the patient was eating and was clinically normal. In a follow-up telephone call 3 days after discharge, the owner reported that the patient was eating well and appeared comfortable but no longer had the voracious appetite exhibited before surgery. At a recheck examination on day 96, the cat was clinically normal and blood sugar readings every 2 h over that day remained in the normal range.
Histological examination of the mass shown in Figure 7 illustrates the nesting pattern of epithelial cells consistent with a neuroendocrine neoplasm. The mass had completely replaced the involved lobule and exhibited a mitotic rate of three mitotic figures per high-powered field. Immunohistochemistry showed strong positive staining for the neuroendocrine marker chromagranin A, as shown in Figure 8 . There was also very strong staining for insulin, as shown in Figure 9 . Insignificant amounts of staining were obtained for gastrin and glucagon. 
Discussion
With so few documented cases of feline insulinoma it is difficult to say if the presentation and clinical course of this case is typical. This is the first Maine Coon cat and the fourth purebred cat with a documented insulinoma. 5, 6, 10 Certainly, the initial presenting signs of tremors and weakness are clinical signs seen in dogs, but seizures are the most common presenting clinical sign in dogs. 12 Seizures were also the initial presenting sign in 4/6 prior feline cases, but were not seen in this patient. [6] [7] [8] 10 Polyphagia was a main clinical sign in this case, but it is not commonly reported in either dogs or cats. [11] [12] [13] It is possible that the sedentary nature of this indoor cat's lifestyle, along with the owner's willingness to provide large amounts of food, allowed the cat to live with subclinical disease longer than the average dog or active cat.
Persistent hypoglycemia is the most consistent blood chemistry abnormality found in initial diagnostic testing and was present in this case. Diseases that cause increased glucose utilization, such as sepsis, seizures and some types of paraneoplastic syndrome, are important differential diagnoses, as well as diseases that cause decreased production of glucose, such as hepatic disease, neonatal hypoglycemia and hypoadrenocorticism. Non-islet cell tumors that produce factors with insulinomimetic effects are a rarely reported cause of feline hypoglycemia. 17 Other causes of hypoglycemia, such as exogenous insulin overdose and ingestion of sulfonylureas, must also be considered. Xylitol toxicity is an important differential for hypoglycemia in the dog that has not been reported in cats. 18 The hypokalemia seen in this patient is also common and can be attributed to the high insulin levels causing intracellular movement of potassium. 19 All of the six prior feline insulinomas were hypoglycemic. Only five cases reported insulin levels, and four of them had either normal or high insulin levels. [5] [6] [7] [8] One case had a low insulin level but that was attributed to laboratory error. 9 In this case, the insulin level was inappropriately in the normal range at 15.6 uIU/ml (RI 10-81.3 uIU/ml) with profound hypoglycemia. This is considered diagnostic for an insulinoma.
Aggressively treating these cases with IV dextrose can cause further secretion of insulin and worsening of the hypoglycemic crisis. 20 Minimal use of parenteral glucose followed by glucocorticoids and frequent feedings is the most common initial treatment. 3, 6, 7, 10, 14 This patient initially responded well to conservative treatment of frequent meals and steroids. Along with steroids and frequent feedings, several other medical treatments have been attempted in dogs. Diazoxide has been reported to have a good efficacy for hypoglycemic control, with a mean duration of 309 days in one study. 2, 11 Octreotide and streptozocin have also been tried, with limited success. 11, 15, 16, 21, 22 None of these modalities has been well studied in cats.
Prior to the advent of advanced imaging, most canine patients were managed medically or with exploratory surgery. The earliest feline cases were treated with exploratory surgery and removal of the solitary pancreatic masses. 5, 10 Ultrasound is now a common diagnostic tool for insulinomas in dogs and was used in the other four feline cases. [6] [7] [8] [9] In all four cases, an abdominal ultrasound successfully localized the pancreatic masses. Based on this information, ultrasound appears to be a specific test, but obviously more cases are needed to determine the sensitivity and specificity of abdominal ultrasound for feline insulinoma. The sensitivity of ultrasound in dogs is reported to range anywhere from 28% to 75%. 23, 24 Other modalities that are used include contrast-enhanced ultrasonography (CEU) and CT. 25 Some researchers advocate for triple-phase CT since studies have shown this to be the ideal phase for visualization of insulimomas varies. 25 Neither CEU or CT have been evaluated for diagnosis of feline insulinomas. Although there is some evidence that malignant insulinomas in dogs are more common in the right limb of the pancreas, they have been found in both limbs and at the angle of the pancreas. 1, 4, 11 Interestingly, this case and four of the prior cases had masses located in the left limb of the pancreas. 4, [7] [8] [9] The gastrointestinal thickening with intact layering found in this cat was most consistent with mild chronic inflammation, although early neoplasia could not be ruled out. In the absence of gastrointestinal signs, it was elected not to pursue it further.
The cat in this study also underwent an ultrasoundguided FNA of the mass. It is important to emphasize that the results of the paired insulin and glucose levels were diagnostic, as previously mentioned, so this was not an absolutely necessary step. However, it did serve to confirm localization of the lesion to the very accessible left limb of the pancreas. Additionally, FNA may have diagnostic significance in a case in which the insulin level is below the RI. A cat's small size makes this a simple procedure with minimal risk and one that can provide a diagnosis before surgery. Pancreatic FNA is a relatively safe procedure, with one recent study showing only a 1-2% incidence of hemorrhage. 26 Therefore, coagulation tests may not always be deemed necessary. As is typical of most insulinoma cases, this patient did not do well with medical management. Surgery was pursued with the hope of achieving remission.
Reported complications of insulinoma surgery in dogs include pancreatitis, persistent hypoglycemia, transient hyperglycemia, diabetes mellitus and endocrine pancreatic insufficiency. 1, 2, 11 Postoperative complications occurred in four of the documented feline cases and included persistent hypoglycemia, transient diabetes mellitus, pancreatitis and postoperative neurologic signs. 5, 7, 8, 10 This information would seem to indicate a high risk of complications in cats with insulinoma surgery. The cat in this case did very well postoperatively, experiencing only mild transient hyperglycemia that resolved without treatment, as shown in Figure 6 . Minimal gentle handling of the pancreas and a short surgery time likely contributed to an uncomplicated postoperative period. An antibiotic was given at the beginning of the surgery based on concern of a long or complicated procedure in this geriatric patient. In retrospect, the antibiotic Normal blood glucose curve at 6 months and clinically normal at 9 months post-surgery *Staging: stage 1 = primary tumor only; stage 2 = primary plus regional lymph nodes; stage 3 = primary plus regional lymph nodes plus distant metastasis † Human amyloid islet polypeptide MF = mitotic figures; HPF = high-powered field; IAPP = islet amyloid polypeptide was probably not necessary. Initially, postoperative analgesia with a continuous-rate infusion of hydromorphone was planned. However, the patient became aggressive after its preoperative dose of this opiate, so it was deemed inadvisable. Owing to the recent administration of steroids, a non-steroidal anti-inflammatory was contraindicated. It was elected to monitor it closely for signs of pain and treat these if needed. Based on monitoring of appetite, attitude, posture, respiratory rate and heart rate, the patient was judged to have minimal postoperative pain and no additional analgesia was given. The histopathology from the excised mass provided more information on the nature of the neoplasm, including the non-invasive nature of the neoplasm and the high mitotic rate. However, immunohistochemistry was done to confirm that insulin-producing cells were present in the mass. Aside from insulin, some insulinomas in dogs have been shown to produce other neurohormones, including glucagon, somatostatin, pancreatic polypeptide and growth hormone. 4 The earliest feline case reported a negative immunohistochemistry result for insulin. 10 This negative result was attributed to the use of porcine antisera. 10 The four other feline cases that reported histochemistry results showed a positive result for insulin. [5] [6] [7] 9 Three of these cases also reported a positive neuroendocrine marker. No other hormones showed significant activity in the feline insulinomas. One additional published study of the cellular and molecular characteristics of a feline insulinoma from an unidentified source showed significant levels of only a neuroendocrine marker and insulin. 27 The neoplasm in this study showed identical results with a strong positive result for a neuroendocrine marker and insulin.
In dogs, the anaplastic features that are typically used to determine malignancy for most neoplasms are not predictive for insulinomas. 10, 12, 13 Several researchers have postulated that most canine insulinomas are malignant and that the clinical course depends on the duration of disease prior to surgery. 1, 11, 12 There are too few data to determine if this is also true in felines. Table 1 shows the available information on stage of disease, anaplastic features and postoperative outcomes for the documented feline cases, as well as this case. Five of the cases provided information on anaplastic features. 5, 6, [8] [9] [10] None of these cats had evidence of metastasis at the time of surgery and they all had fairly similar anaplastic features. However, three of the cases behaved malignantly with recurrence of clinical signs and two cases appear to have behaved benignly with no evidence of recurrence. [5] [6] [7] [8] [9] [10] This information indicates that anaplastic features may not be useful for predicting malignancy in felines. However, it is also important to note that the two cases with reportedly long remissions had no postoperative monitoring. More cases of feline insulinomas that include long-term postoperative monitoring are needed to answer these questions and determine prognosis. Table 1 also illustrates the lack of standardization and difficulty with comparing results for immunohistochemistry. All of the cases, aside from McMillan et al, 10 showed positive results for insulin. However, aside from insulin, these cases did not run the same immunohistochemistry tests. Insulinomas in cats may not secrete significant amounts of glucagon, somatostatin or other neurohormones. However, more cases with a wider array of immuno-histochemistry tests are needed to determine this.
Conclusions
Feline insulinomas are most successfully treated with surgical excision, and surgery offers a significant chance for remission. Documentation of hypoglycemia occurring simultaneously with a high or normal insulin level is diagnostic. Abdominal ultrasound is a useful tool to stage and localize the disease. Staging and anaplastic features do not appear to accurately predict long-term prognosis. More data are needed to determine what factors are most predictive of long-term remission and survival in cats. Rapid diagnosis and excision of these tumors likely increases the likelihood of long-term remission.
